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Abstract The secretory apparatus within all eUkary°t§ecretory trafficking viewed as a system
cells comprises a dynamic membrane system with bidi-

rectional membrane transport pathways and overlappifige goal of a ‘top-down’ approach, to secretory traffic is
compartmental boundaries. Membrane traffic and orge-determine general properties of secretory membrane
nelle biogenesis/maintenance are fundamentally linkedffic that are common to diverse cell types and thus are
within this system, with perturbations in membrane trdikely to be important for secretion. Present- day cells are
fic quickly leading to changes in organelle structure atttk products of an unfolding of millions of years of fine-
identity. Dissection of the molecular basis of these prapning - a great historical testing of niches - constrained
erties in yeast and mammalian cells has revealed a emly by molecular hardware and genetic coding. It is not
cial role for the cytoplasmic protein complesurprising, therefore, that many aspects of secretory traf-
ARF1/COPI, which undergoes regulated assembly d&fitd including the roles of cytoskeletal elements and the
disassembly with membranes. ARF1/COPI appears todiees, shape, and location of organelles, vary consider-
involved in the formation and maintenance of the Golgbly in different cell types. Despite this, several features
complex, which is the receiving and delivery station fof secretory traffic are common to simple protozoa,
all secretory traffic. ARF1-GTP, through assembly gkast, and mammalian cell types and, therefore, are likely
COPI to membranes and, possibly, through activationtof be fundamental to all secretory trafficking systems.
PLD, is likely to promote the formation and maturatiomhe following list summarizes many of these common
of pre-Golgi intermediates into Golgi elements, wherepsoperties:

ARF-GDP causes COPI dissociation and stimulates thel. The secretory pathway functions through the activi-
formation of retrograde transport structures that recyties of membrane-bound structures composed of amphi-
Golgi membrane back to the ER. These processes ghidic lipids with attached or inserted proteins.

appear to underlie the coupling of organelle biogenesisThe universal character of these structures derives
and membrane trafficking within cells, allowing the sizigtom the ability of phospholipid molecules to assemble
and shape of secretory organelles to be altered inimte sheet-like structures, producing a unit membrane
sponse to changing cellular needs. Future work needsvith three phases: exterior, barrier, and lumen. Vectorial
address how the activation and localization ofanslocation of newly synthesized protein into the lu-
ARF1/COPI to membranes as well as other related fagenal space of these membranes is the first step in the
tors are temporally and spatially regulated, and by wipabcess of protein secretion. Because the lumen of these
mechanism they transform membrane shape and dynammbranes is topologically equivalent to the cell exteri-
ics to facilitate protein transport and compartmentat, proteins carried within this space will be released into
functioning the extracellular environment upon fusion of membrane
transport intermediates with the plasma membrane. Reg-
ulated association of cytoplasmic proteins to the surface
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products in a series of controlled steps, store molecude®rgy. In the absence of ATP, or when energy-coupled
until needed, and then deliver them to specific cell suegulatory molecules are inactivated/depleted, all protein
face domains. export out of the ER ceases (Balch et al. 1986; Lippin-
2. The diverse compartments comprising the secretaptt-Schwartz et al. 1990; Verde et al. 1995). The energy
pathway are all derived from the endoplasmic reticuluraquirement for ER export could be for the morphological
(ER), which itself arises from the continuous insertion tfansformation of membranes occurring at ER exit sites
newly synthesized lipid and protein into previously exisfke., budding of membranes into tubular clusters), for the
ing ER membrane. active recruitment and concentration of membrane and
The ER is the port of entry for all membrane and preeluble cargo at these sites, or both. The concentration of
tein into the secretory pathway and engages in lipid bprotein cargo at ER exit sites and in pre-Golgi intermedi-
synthesis and metabolism, as well as in protein syntlages is likely to involve positive sorting signals to pro-
sis, folding, assembly, and degradation (Sitia and Metote concentration (Nishimura and Balch 1997) and the
dolesi 1993; Lippincott-Schwartz 1994). It is comprisesklective removal of membrane and fluid once protein
of an extensive array of interconnecting membrane and lipid have entered these structures (Tang et al. 1995).
bules and cisternae which usually extend throughout fffee net result is a higher level of organization and order-
cell (Terasaki et al. 1986). A variety of specific resideirtg of protein and lipid within these membrane domains.
ER components participate in folding and processing of4. After their formation, pre-Golgi intermediates have
newly synthesized proteins (Hurtley and Helenius 1988nly a transient existence before delivering their cargo
Folding and assembly of proteins is also facilitated lyiquely to the Golgi complex in a process which cou-
the specialized lumenal environment of the ER, whichptes forward secretory transport with Golgi biogenesis.
oxidizing (promoting disulfide bond formation) and has One view of the cargo-enriched tubular clusters adja-
high ATP and free calcium levels. Together, these prag@nt to ER exit sites postulates that they are stable inter-
erties of the ER enable newly synthesized lipid and proediates from which small vesicles bud to deliver cargo
tein to be converted from low energy, monomeric fornrgto the Golgi complex (Lotti et al. 1992). Recent time-
to higher energy, multimeric complexes. lapse imaging of secretory trafficking using GFP chime-
3. Protein export from the ER occurs only when ras, however, has demonstrated that this is not the case
protein is properly folded and assembled, and takes pléeeesley et al. 1997; Scales et al. 1997). Rather, such
in specialized regions of the ER adjacent to clustersswfuctures were found to serve as transport vehicles for
elaborate membrane tubules/vesicles. delivery of protein and lipid through the cytoplasm to the
Properly assembled protein complexes usually do 1@&blgi complex after detaching and/or further differenti-
freely leave the ER system, but must be actively sortthg from the ER. Pre-Golgi intermediates also have
into ER exit sites (Mizuno and Singer 1993; Balch et &dleen shown to undergo maturation (by recycling of se-
1994; Barlowe et al. 1994), which are smooth regionsletted components back to the ER; Tang et al. 1995) and
the ER devoid of ribosomes that are adjacent to elabotatde capable of homotypic fusion (Rowe et al. 1998).
tubule clusters (also called vesicle tubular clusters; Bamese findings suggest that pre-Golgi intermediates are
nykh et al. 1996, pre-Golgi intermediates; Saraste aheé direct precursors of Golgi elements, with Golgi cis-
Svensson 1991; Saraste and Kuismanen 1992; Preslagreiae formed by continuous maturation/differentiation
al. 1997, or the intermediate compartment; Schweizeroét pre-Golgi intermediates (Saraste and Kuismanen
al. 1990). ER exit sites are sometimes localized to di®92; Lippincott-Schwartz 1993). Under this model, the
crete regions of the ER, as in the simple protoZlzato- cis face of the Golgi complex represents the site where
plasma gondjiwhere they localize to the apical region gire-Golgi intermediates first merge together, while the
the nuclear envelope (Sheffield and Melton 1968). In otinans face is where they have undergone further matura-
er cell types, they arise spontaneously throughout the idd through recycling pathways (Bannykh and Balch
(Presley et al. 1997). In all cases, they comprise relativéB97; Glick et al. 1997; Mironov et al. 1997). This ex-
large domains (1-@m in diameter) that contain multipleplains the existence of polarized entry and exit faces of
budding profiles (and never single ER buds in isolatiorthe Golgi complex, since forward traffic is coupled to
Although budding of vesicles is widely believed to occumaturation. In some cells, maturation of pre-Golgi inter-
from ER exit sites (Palade 1975; Barlowe et al. 199%hediates is coupled with the translocation of these struc-
Bannykh et al. 1996), ultrastructural studies have shotunes along cytoskeletal elements to distinct regions of
these sites sometimes consist of permanent/intermittéra cell (Presley et al. 1997; Scales et al. 1997) leading
connections with the elaborate tubule clusters comprisiogGolgi membrane localization at these sites (Fig. 1).
pre-Golgi intermediates or with the first cisternae of the 5. The Golgi complex represents a dynamic steady-
Golgi stack itself (see Clermont et al. 1994; Krijns&tate system of membrane input and outflow and func-
Locker et al. 1994; Stinchcome et al. 1995; Cole et @bns to process glycoproteins/glycolipids and to package
1996; Hermo and Smith 1998). This indicates, therefoteem for delivery to the cell surface.
that the boundary separating the ER from the rest of theA potential mechanism for establishing the Golgi
secretory pathway is not always distinct and that expstéady-state system involves a ‘fractionation’ of surface-
of protein out of the ER does not necessarily rely on thestined membrane components from ER/Golgi resident
production of small vesicles. It does, however, depend @mponents (Tang et al. 1995; Bannykh and Balch 1997;
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Rowe et al. 1998). Fractionation begins at ER exit sites
with concentration/sorting of newly synthesized surface-
destined proteins (Balch et al. 1994), membrane traffick-
ing machinery (Barlowe et al. 1994), and Golgi enzymes
(Cole et al. 1996), and continues as pre-Golgi intermedi-
ates mature into Golgi elements. Membrane trafficking
machinery and other molecules that do not partition effi-
ciently into the sorting domains of these structures would
recycle back to the ER; so would Golgi enzymes, but
more slowly (Cole et al. 1998). The net result would be
enrichment of Golgi enzymes and substrates in Golgi el-
ements. This would generate an organizational complexi-
ty within Golgi membranes that allows elaborate carbo-
hydrate processing reactions to be coordinated. The
highly processed secretory products formed from these
reactions could then enter, and possibly help differenti-
ate, theransGolgi network (Rambourg et al. 1979; Roth
et al. 1985; Griffiths and Simons 1986; Ladinsky et al.
1994), which packages these products into transport in-
termediates for delivery to the cell surface.

For fractionation to result in Golgi biogenesis, mole-
cules must be recycled back to the ER. This enables pre-
Golgi and Golgi membranes to become selectively en-
riched in certain proteins and lipids. Many proteins have
been shown to recycle to the ER, and at distinct rates.
These include escaped ER resident components (Pelham
1991), membrane machinery necessary for ER-to-Golgi
traffic (Sato et al. 1995; Zhang et al. 1997), and Golgi
enzymes (Cole et al. 1996, 1998). The mechanism of ret-
rograde trafficking is currently unclear, but is likely to be
regulated (Pelham 1991; Hsu et al. 1992; Echard et al.
1998) and to involve lipid partitioning to segregate recy-
cling components from forward moving cargo (Cole et
al. 1998). The Golgi complex is known to be a major site
of lipid transition within cells. Its lipid composition is in-
termediate between that of the ER (whose lipids and pro-
teins tend to form thin bilayers) and the plasma mem-
brane (whose lipids, including cholesterol, and proteins
form thicker bilayers; Orci et al. 1981; Van Meer 1989;
Coxey et al. 1993; Munro 1995). Changes in lipid com-
position across the Golgi complex, therefore, may estab-
lish a gradient of bilayer thickness, allowing highly mo-
bile Golgi enzymes (Cole et al. 1996) and other recy-
Fig. 1 The Golgi complex in mammalian cellerange antibody cling molecules to laterally partition into thinner mem-
stainingin A) is usually localized adjacent to the nucleus whefsrane domains (Bretscher and Munro 1993). These thin-

microtubules (green antibody stainingAn arise from the centro- : ; _
some. This localization is dependent on continual input from p er membrane domains might then be the source of recy

Golgi intermediates, which use microtubules to translocate iftiNg transport intermediates. The finding that increasing
the Golgi region from peripheral endoplasmic reticulum (ER) estiie length of the transmembrane domain of several Golgi
sites (Presley et al. 1997; Scales et al. 1997). In the absence ofand ER proteins results in their movement to the plasma

crotubules, pre-Golgi intermediates are unable to translocate {lambrane is consistent with this thinking (Munro 1995;
ward (Presley et al. 1997) and they accumulate recycling com !

nents (including Golgi enzymes; Cole et al. 1996). This resultsggp”ey 1997; Yang_et al. 19_97; Cole _et al. 1998)' .
Golgi stack reformation at peripheral ER exit sites scattered The transport intermediates which recycle proteins

throughout the cell. The end result of this process is shovi® inback to the ER are believed to be either tubules or vesi-
which shows the distribution of Golgi membranes labeled with a@lgs that pull off from Golgi rims (Pelham 1994; Miro-
tibodies to the Golgi enzyme mannosidase Il in cells treated w, . Qpi P e
nocodazole for 3 hg y HBv et al. 1997; Sciaky et al. 1997). Their simplicity con-
trasts with the complexity of pre-Golgi intermediates and
Golgi elements that are engaged in forward movement
within the secretory pathway. The latter undergo matura-
tion and differentiate into elaborate flattened stacks of
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Untreated DOG/Azide BDFA

Fig. 2A—C Effect of energy depletion and brefeldin A (BFA) orsystems for ‘stripped down’ versions of eukaryotic cells.
the distribution of Golgi membranes in NRK cells.Untreated Some of these parasites (e.@heilerg represent the

cell. B Cell treated for 10 min with deoxyglucose and sodiu ; ;
azide to lower ATP levelsC Cell treated for 5 min with BFA. Smallest known eukaryotic cell (measuring less that

Cells were permeabilized and stained with antibodies to the GolgHM in diameter; L. Tilney, personal communication).
enzyme mannosidase Il followed by fluorescently labeled secohdespite their small size, many of these parasites contain
ary antibodies. Note the extension of long tubules from the Gofgisecretory apparatus with morphological properties that
complex under conditions of either energy depletion or BFA treafa nearly indistinguishable from those of higher eukary-

ment. Because both of these treatments leads to the dissociation, of o - .
peripheral coat proteins from the Golgi complex (Donaldson et §F% cells. This is shown in Fig. 3 where the secretory ap-

1990), the data suggest that energy-coupled membrane associ@@itus of the primitive_ parasi_ﬂé gondiiis shown di_a— )
of cytosolic proteins is necessary for maintaining the integrity gramatically and by thin section. Note that despite its

the Golgi comple:: small size, the secretory membrane systenfoabplas-
ma is remarkably similar to that of higher eukaryotic

cisternae in a process that is energy dependent. Urmigls. This indicates that secretory membranes have the
conditions of moderate energy depletion or when perigbility to scale up or down their overall form to accom-
eral proteins are dissociated from Golgi membranes witiodate to different size environments.
brefeldin A (BFA), pre-Golgi and Golgi elements lose Although Toxoplasma gondicontains an easily rec-
their organization and their membrane components erdgnizable Golgi complex, many other simple organisms
retrograde tubule transport intermediates which can fissh as budding yeast aRthsmodiumhave less recog-
with the ER (Donaldson et al. 1990; Lippincott-Schwartizable Golgi structures (Banting et al. 1995; Rambourg
et al. 1990; Cluett et al. 1993; Weidman et al. 1993; Sci-al. 1995; Haldar 1996; Lingelbach 1997 ). Strikingly,
ky et al. 1997) (see Fig. 2). This suggests that energyeilera and Giardia lamblia trophozoites possess no
coupled membrane association of peripheral proteins@iceable Golgi complex at all, even though they con-
necessary for forward distillation of secretory cargo withkain a membrane system that secretes and targets diges-
in pre-Golgi and Golgi cisternae and for preventing sutibe enzymes. Results from studiesGflambliaare par-
cargo from entering recycling transport intermediates. ticularly intriguing (Lujan et al. 1995). This parasite be-

Once the dynamic steady-state flux of proteirisngs to the earliest identifiable lineage among eukaryot-
through forward and recycling pathways of the Gol@ cells. Its ribosomal RNA shares more sequence ho-
complex has become established, glycoprotein and giyelogy with prokaryotes than with eukaryotes and it
colipid processing reactions become efficient, and gileeks mitochondria. Despite its primitivene$Siardia
rise to highly processed and complex protein and lipithgages in both constitutive and regulated protein secre-
products. These products, in turn, are packaged ititm and contains the GTP-binding protein ARF (ADP-
transport intermediates which bud off tlrans face of ribosylation factor) and the coat protein complex known
the Golgi complex, translocate through the cytoplasas COPI (Rothman 1994; Lujan et al. 1995). Association
and fuse with the plasma membrane. of ARF and COPI with secretory membranes has been
shown to be necessary for maintenance and proper func-
tioning of the secretory pathway in higher eukaryotes
Requirements for a minimal secretory system and yeast (Klausner et al. 1992; Rothman and Wieland

1996; Gaynor and Emr 1997; Gaynor et al. 1998).

The above list summarizes common features of secretorylrophozoite forms ofGiardia colonize the small in-
traffic that are shared by most cell types. Here we ddstine of human hosts (giving rise to enteric disease
dress the basic equipment necessary for secretionwdérldwide). In the large intestine, induction Gfardia
number of protozoan parasites have been used as mogst wall proteins and their secretion transform tropho-
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Golgi resident enzymes needed for synthesis of carbohy-
drate-rich cyst wall components during encystation.
Thus, an important characteristic of the secretory appara-
tus is its ability to accommodate a wide variation in
qguantity and character of molecules being exported from
the ER. The coupling of membrane traffic with organelle
biogenesis appears to be an ideal mechanism for achiev-
ing this flexibility.

Molecular components of secretory trafficking

The basic eukaryotic secretory apparatus appears to con-
sist of transport machinery that has evolved to perform
three fundamental tasks: (1) sorting and concentration of
secretory products for exit out of the ER; (2) differentia-
tion of membrane-bound transport intermediates (i.e., or-
ganellogenesis); and (3) regulated fusion of transport in-
termediates with target membranes. Insight into the mo-
lecular machinery that accomplishes these tasks has
come from genetic and biochemical approacheSdo
charomyces cerevisiaéor example, more than 15 genes
have been identified that are required for membrane traf-
fic between the ER and Golgi complex (see Schekman
and Orci 1996). Mammalian homologues for many of
these genes have been identified biochemically from
cell-free systems (Beckers et al. 1989; Clary et al. 1990;
McNew et al. 1997), and through cloning based on se-
guence similarity with known yeast genes. At the cellu-
lar level, transport between different organelles appears
A B to occur by universally conserved mechanisms. Com-
partmental specificity is provided by distinct members of
Fig. 3 Thin section ofToxoplasma gondii(A) and diagram of its protein families, such as those involved in sorting (e.g.,
Tl e e ovap e cton i orgiesghon gfTiembrane coats, adaptor proteins, and cargo receptors
its secretory memgranes is nearly i)éentica‘l to tha?t of higher é?—e Kirchhausen et al' 1997; Kuehn and Schekman 1997)
karyotes. This includes an ER that extends peripherally in the @d membrane fusion (Rabs, SNARES, see Hay and
toplasm, a flattened stack of cisternae comprising the Golgi coBeheller 1997; Novick and Zerial 1997; Rothman and
plex and transport intermediates. Toxoplasmavesicles appear Sollner 1997). The conservation of this machinery ap-
}o bu;:ih of(fstr;e_ aplcalI s{urface of the nuclear envelope and fusep@ars to extend throughout the Eukarya (Satiat-Jeune-
orm the >0lgi compre- maitre et al. 1996; Van Wye et al. 1996), and demon-
strates a fundamental role for these molecules in even the
zoites into cysts which are excreted in feces. Prior to eimplest organisms.
cysting, Giardia trophozoites have no morphological or Studies in yeast and mammalian cells have demon-
biochemically identified Golgi complex, yet can secretgrated that transport from the ER to the Golgi complex,
simple non-glycoslyated proteins in a BFA-sensitives well as in maintenance of Golgi structure, requires the
manner (Lujan et al. 1995). Within 4 h of placing noractivities of small ras-related GTPases whose primary
encysting cells into encysting medium, however, indumle is to initiate the assembly of distinct cytosolic coat
tion of Golgi enzyme activities and the appearance opeotein complexes on ER-derived membranes. These
Golgi structure occurs. Developmental signals, therefocemplexes, termed COPIlI and COPI, function primarily
appear to coordinate the biosynthesis of Golgi enzyniesconcentrate cargo for ER export (see Bannykh and
and carbohydrate-containing secretory substrates Baich 1998) and to maintain selected molecules within
building a Golgi complex. This allows efficient cyst walthe ER/Golgi system (Letourneur et al. 1994; Doming-
production in encysting trophozoites. uez et al. 1998), respectively.

These results suggest that the minimal machinery forCOPIl assembly originates with the Sec12p-mediated
protein secretion in primitive eukaryotic cells lil@ar- nucleotide exchange of GTP for GDP on the small GTP-
dia utilizes ARF and COPI but does not require a masse Sarlp (reviewed in Schekman and Orci 1996). What
phologically or biochemically identifiable Golgi com4riggers this exchange is currently unknown, but is likely
plex to secrete simple non-glycosylated proteins. Gotgiinvolve cargo molecules themselves or putative cargo
biogenesis irGiardia appears only with the induction ofreceptors. Sec13/31p and Sec23/24p complexes are then
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assembled onto the cytoplasmic leaflet of the activatib@ formation and functioning of the secretory trafficking
ER membrane to form a COPIl-coated bud. This system (see below).
thought then to give rise to a COPII-coated vesicle (Bar-The third task of a functional secretory apparatus, fu-
lowe et al. 1994; Bednarek et al. 1995; Bannykh et sion, requires the involvement of cytosolic and mem-
1996). If the bud were not severed, however, a tubblene proteins to regulate specific targeting and mem-
might arise (Klausner et al. 1992) or a cluster of tubulesane fusion events between transport intermediates.
if COPIl assembled over a large surface area (see Fig.These include a large family of small ras-related GTP-
That the COPII coat serves to concentrate cargo withises (Rab proteins), and a family of membrane proteins
the budding structure and is essential for protein exit dlat play a central role in compartment-specific docking
of the ER has been demonstrated both in yeast (Kuehftle v- and t-SNARES; see Rothman and Sollner 1997).
al. 1998) and mammalian cells (Balch et al. 1994). Teffeund on transport intermediates, the Rab proteins were
perature-sensitive Sec23p (the GTPase activating pwaginally thought to specify prefusion docking events. It
tein, GAP, for Sarlp) mutants in yeast show a completew appears that the function of the Rab family of pro-
lack of protein exit from the ER (Yoshihisa et al. 199%ins is more complex. Recent evidence points to their
Gaynor and Emr 1997) and dominant-negative formsrofe in regulating the directional movement of transport
Sarlp, as well as anti-Sarlp antibodies, prevent exitimtermediates along microtubules (Echard et al. 1998), as
cargo (i.e., VSVG) from the ER in mammalian celiell as for controlling the rate of fusion between specific
(Kuge et al. 1994). The mechanism by which cargo beansport intermediates (Rybin et al. 1996; Lupashin and
comes concentrated within this ER export structure is Mgaters 1997). The latter function is likely accomplished
clear. However, the cytoplasmic domains of numerohg facilitating the interaction between members of the
transmembrane proteins, several of which are putatd@cking/fusion machinery, the t-SNARES and v-
cargo receptors, have been shown to bind sec23p in VBNMARES (Rothman 1994), an interaction that is normal-
(Kappeler et al. 1997; Dominguez et al. 1998). ly inhibited by another family of proteins, the Secl pro-
While COPII functions to sort cargo solely within théeins (Pevsner 1996; Lupashin and Waters 1997). To-
ER membrane, assembly of the COPI coat is necesggther with the other members of the docking/fusion ma-
for the subsequent differentiation of post-ER intermedihinery (NSF/SNAP; see Rothman 1994), these molecu-
ates and early Golgi compartments. The mechanismlaycomponents regulate fusion and assembly of post-ER
which COPII membranes ‘hand-off’ membrane-bourdembranes and establish trafficking patterns.
cargo to form COPI-coated transport intermediates is un-
clear, but is thought to involve a sequential coupling of
COPII uncoating with COPI binding (Aridor et al. 1995Towards a mechanistic model of secretory traffic:
Rowe et al. 1996). The COPI coat is composed of sevele of ARF1/COPI in organelle maintenance
subunits of a cytosolic protein complex called coatomand membrane transport
(Rothman 1994). The COPI coat has been localized to
pre-Golgi intermediates, along tleés face of the Golgi ARF1/COPI complexes have traditionally been thought
and associated with the rims of subsequent cistermadunction in the formation of coated vesicles for mem-
(Oprins et al. 1993; Griffiths et al. 1995). Assembly dfrane transport (Rothman and Wieland 1996; Schekman
COPI onto membranes requires activation of the smafid Orci 1996). Experimental results over the last sever-
GTPase, ARF1 (Donaldson et al. 1992a; Palmer et all.years addressing the regulation of these molecules
1993). There are five human ARF proteins. ARF1 ands@ggest membrane association of ARF1/COPI is likely
(96% identical) are the most abundant (Cavenagh ettalhave a broader role (Klausner et al. 1992; Dascher and
1996). They have been localized to the Golgi complBalch 1994; Zhang et al. 1994; Peters et al. 1995; Gay-
and shown to recruit COPI there (Peters et al. 199@yr et al. 1998). In particular, ARF1/COPI association
Liang and Kornfeld 1997). The functions of other ARRsith membranes appears to be crucial for the formation
are not clear. Most studies of ARF's role in the Golgif the Golgi complex and its proper functioning in secre-
complex have utilized ARF1 and there is no reasonttoy traffic (see model in Fig. 4).
suspect that the activity of ARF3 is substantially differ- A fundamental feature of secretory traffic is the abili-
ent. ty to segregate surface-destined membrane components
A wealth of data, both in yeast and in mammalidrom ER/Golgi resident components. This process in-
cells, has demonstrated a role for COPI in ER-to-Golglves sorting/partitioning of molecules into highly orga-
traffic (see Nickel and Wieland 1998). More recently, iized membrane domains and is required both for the
role for COPI in Golgi-to-ER retrograde transport hasitial formation of pre-Golgi structures and their matu-
been proposed, based on yeast genetic data (Letourmation into Golgi elements. The activity of Sarlp/COPII
et al. 1994; Pelham 1994). Whether COPI that is bouapears to be crucial for initiating the organization of
to pre-Golgi intermediates and Golgi membranes is these structures and leads to concentration of selective
sponsible for retrieval of proteins back to the ER or is inargo at ER exit sites (Balch et al. 1994; Barlowe et al.
volved in forward trafficking is, therefore, a subject df994; Kuehn et al. 1998). Because it acts only at this lo-
much debate. The answer to this question is fundamewtion, however, Sarlp/COPII is insufficient to complete
for understanding the role of the ARF1/COPI complex the job of membrane transport and organellogenesis. For
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Fig. 4 Model depicting concentration/sorting processes involvéldey fuse to form theis face of the Golgi complex. Molecules that

in Golgi biogenesis and membrane trafficking and the potentid not partition efficiently into the ARF1/COPI sorting domains of
roles of SAR1/COPIlI and ARF1/COPI in these processes. Expore-Golgi intermediates recycle back to the ER. Expression of the
of proteins out of the ER is initiated by assembly of Sarl/CORIdbminant-negative Sarl mutant (T39N) or, in yeast, the sec12 mu-
onto membranes, which leads to concentration of protein and lifsdt (sec12—J) blocks the assembly of COPII onto ER membranes
at the site of binding. This, in turn, causes ER membrane at this aitd export out of the ER, as indicated. Expression of the dominant-
to transform into budding tubules/vesicles. Binding of ARF1/CORkgative ARF1 mutant (T31N) or treatment with BFA blocks COPI
to these regions leads to their further differentiation, including taesembly and subsequent export of cargo from ER to Golgi, as
recruitment and concentration of other membrane componestsown. These blocks also result in redistribution of Golgi mem-
Soon clusters of tubule/vesicles arises (i.e. pre-Golgi intermeliane proteins back to the ER (Lippincott-Schwartz et al. 1990 and
ates). If such structures interact with microtubules, they can detadpublished results, as predicted if Golgi-resident proteins cycle
from the ER system and move toward the center of the cell wheoatinuously within the ER/Golgi syste:m

Fig. 5A—C Cargo proteins such as VSVG fail to cluster at ER exiched in COPI (see red antibody staining) with significant overlap
sites or concentrate in pre-Golgi intermediates in cells whenethe two markers observed ( see merged yellow signal). If cells
COPI is prevented from binding to membranes as a result of B&#e shifted from 40°C to 32°C in the presence of BFA, where
treatment. A temperature-sensitive variant of VSVG tagged wi@lOPI is prevented from binding to membranes, very little or no
green fluorescent protein (VSVG-GFP) (Presley et al. 1997) macumulation of VSVG-GFP is observed in pre-Golgi intermedi-
folds and is retained in the ER at 409€ft(panelA) but is capable ates or Golgi elementgight panel C). These data suggest that
of moving into pre-Golgi intermediates/Golgi elements upon shifiembrane binding of ARF1/COPI is critical for the recruitment of
to 32°C or 15°C rpiddle panel B). Pre-Golgi intermediates thatcargo proteins into ER exit sits

accumulate VSVG-GFP at 15°C (see green GFP staining) are en-
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this, surface-destined membrane components must be séit least two properties of ARF1/COPI and its interac-
lectively retained within forward moving membrane ddion with membranes make this protein complex an at-
mains as transport machinery necessary for ER expoattive candidate for facilitating the temporal and spatial
and Golgi enzymes recycle back to the ER systepmocesses involved in pre-Golgi and Golgi maturation
Growing evidence indicates that ARF1/COPI helps &nd trafficking. First, given that ARF activation is re-
perform this job. quired for COPI binding and that ARF has low intrinsic
COPI binding to membranes requires activation @TPase activity, ARF regulators [for example, GTP ex-
ARF1 GTPase, analogous to the dependence of Satiange factors (GEFs) to exchange GTP for GDP, and
GTP for COPIl binding. Sequential binding of5TPase activating proteins (GAPs) to convert ARF-GTP
Sarl/COPII followed by ARF1/COPI at ER exit siteto its inactive ARF-GDP form] are likely to be required
(Rowe et al. 1996) indicates that association tf modulate the repetitive cycles of activation of ARF on
ARF1/COPI to membranes arises after these membramesnbranes. These ARF regulators, therefore, could pro-
have been first differentiated by the activity ofide enormous flexibility in controlling the temporal and
Sarl/COPII. ARF1/COPI binding appears to play a crigpatial specificity of ARF1/COPI binding to membranes.
cal role in the further differentiation of these sites (s&econd, in addition to promoting COPI binding to mem-
model in Fig. 4). Not only are additional proteins recruibranes, ARF has been shown to be an activator of phos-
ed to ER exit sites upon ARF1/COPI binding but, as prgiolipase D (Brown et al. 1993; Cockcroft et al. 1994),
Golgi intermediates mature into Golgi elements, retewhich catalyzes the hydrolysis of phosphotidyl choline
tion of the concentrated assembly of proteins withia form phosphatidic acid (PA). The production of PA
these structures is critically dependent on ARF1/COfRy be involved in creating the COPI binding site by al-
binding. This interpretation is based on in vivo studiésring membrane curvature (Ktistakis et al. 1996). Fur-
which have shown that cargo proteins such as VSVG,thsrmore, PA can subsequently be converted to other bio-
well as Golgi enzymes, fail to efficiently cluster into ERogically active lipids that could modulate the behavior
exit sites or concentrate in pre-Golgi intermediates af pre-Golgi and Golgi membrane lipids. ARFs have also
cells where COPI is prevented from binding to merbeen suggested to alter PIP and,Ré¥els in cells (Fen-
branes (e.g., in cells expressing ARF dominant-negats@me et al. 1996) which, in turn, could affect the activi-
mutants and in cells treated with BFA; see Fig. 5) evidas of ARF-GEFs and GAPs (Randazzo and Kahn 1994;
though Sar1/COPII still binds (Lippincott-Schwartz et aliscovitch and Cantley 1995). Thus, ARF’s actions can
1990; Dascher and Balch 1994; Peters et al. 1995). Thusdulate membrane composition (and possibly mor-
in the absence of ARF1/COPI activity at ER exit siteghology) in addition to promoting COPI assembly to
the action of Sarlp/COPII is insufficient to sort into prenembranes.
Golgi intermediates the diverse array of molecules thatThe above findings strongly suggest that membrane
are required to build and maintain the secretory appasasociation of ARF1/COPI is necessary for maintenance
tus. Such studies have also revealed that ARF1/COPI @icthe compartmental organization of pre-Golgi and Gol-
tivity is required for maintaining these proteins in prei membranes, but how they accomplish this is unclear.
Golgi and Golgi elements after they have formed. In tRecent studies using yeast genetics have suggested that
absence of ARF1/COPI binding to membranes, protel@®PI binding to pre-Golgi and Golgi membranes is in-
within pre-Golgi and Golgi membranes redistribute bae®lved in mediating retrograde traffic through the pro-
into the ER via retrograde tubule carriers (see Fig. d)ction of COPI-coated vesicles. This is based on the
(Lippincott-Schwartz et al. 1990; Sciaky et al. 1997). finding that COPI subunits can bind to dilysine motifs
A role of ARF1/COPI in forward secretory traffic hagCosson and Letourneur 1994) which are found on the
been implicated in many studies. In vitro studies recdd-terminus of several proteins believed to function as ER
stituting ER-to-Golgi transport have shown that inhibitoetrieval sequences (Nilsson et al. 1989). In a screen de-
ry mutants of ARF1 block ER-to-Golgi traffic and presigned to detect mutants unable to retain/recycle dily-
vent ARF1/COPI assembly onto pre-Golgi intermediatesie-tagged reporter molecules, but still carry on forward
that have lost the Sarl/COPII coat (Dascher and Badfterograde traffic, mutant COPI subunits were identi-
1994; Rowe et al. 1996). In addition, COPI-coated, pifeed (Letourneur et al. 1994). These observations led to
Golgi structures have been observed to transloctie proposal that COPI is required for retrograde traffic,
through the cytoplasm to the Golgi complex in livingiith any effects on anterograde traffic explained by the
cells ( Presley et al. 1997; Scales et al. 1997), and midailure to recycle critical components back to the ER
injection of antibodies to COPI subunits disrupts this fafPelham 1994; Gaynor and Emr 1997). Although COPI,
ward membrane trafficking ( Pepperkok et al. 1993; Prough this screen, is genetically linked to retention/re-
ter et al.1993). Temperature-sensitive mutants of CQRéval of these dilysine-containing proteins, the mecha-
subunits are defective in transport in the early secretoigm whereby COPI serves this function is not clear. Re-
pathway in mammalian cells (Guo et al. 1994) and tention versus retrieval of proteins in a membrane cy-
yeast (Schekman and Orci 1996). Finally, analysis of tbleng system is difficult to distinguish, especially when
effects of Arfl deletion in yeast has revealed inhibitidmased primarily on genetic data. Dilysine motifs in mam-
of forward secretory traffic with minimal effect on retrimalian cells are present on many ER resident proteins
eval pathways (Stearns et al. 1990; Gaynor et al. 1998)vhich never leave the ER (Tisdale and Jackson 1996), as
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well as on a number of Golgi resident proteins (Schrodetding BFA to mammalian cells, COPI is no longer as-
et al. 1995; Stamnes et al. 1995; Sohn et al. 1996; Daueiated with Golgi membranes due to the failure of
inguez et al. 1998). Since COPI is associated with GolgRF to be activated (Donaldson et al. 1990). This results
and not ER membranes, how dilysine-containing prio- an immediate block in protein export out of the ER in
teins interact with COPI in different membrane compastivo (Lippincott-Schwartz et al. 1990). Subsequently,
ments is unclear. Golgi membranes start to become disorganized and inca-
The most powerful argument against the idea thable of retaining protein and lipid, with Golgi protein
COPI mediates retrograde transport through the fornaad lipid entering retrograde tubule processes that move
tion of COPI-coated vesicles comes from analysis of tbetward into the cytoplasm (Fig. 6). In untreated cells,
role of ARF1 in COPI binding. All evidence to date indithe protein content in such retrograde tubules is regulat-
cates that COPI binding to membrane requires activatih and they detach from the Golgi complex before mov-
of ARF. If COPI mediates retrograde transport, a preding out to the cell periphery (Sciaky et al. 1997). In
tion is that ARF inhibition should block retrograde tran®8FA-treated cells, however, the protein content in retro-
port. In fact, ARF inhibition enhances retrograde traffigrade tubules is less specific and the tubules do not de-
and leads to a block in protein export out of the ER. A&ch from the Golgi body. This leads to rapid emptying
described below, these observations suggest membmainall Golgi contents into the ER when one or more of
association of ARF1/COPI has an alternative role ihe tubules fuses with the ER. The irreversible absorp-
membrane trafficking than the production of COPI retrtion of Golgi lipid and protein into the ER observed un-
grade vesicles. der these conditions suggests the ER provides a lower
An unambiguous method for defining the role of fiee energy environment for protein and lipid than the
GTP-binding protein is to investigate the effect of exsolgi complex. A possible source for the free energy dif-
pressing the dominant-negative form of the proteiference between ER and Golgi membranes could be
These mutants have an altered critical threonine residiwen Sarlp/COPII and ARF1/COPI activities, which sort
that renders them defective for GTP binding. More inand concentrate membrane proteins into pre-Golgi inter-
portantly, however, their expression sequesters the GRE&diates, thereby ‘pumping up’ Golgi-destined material
and thereby blocks the activation of the endogendasenergy (Sciaky et al. 1997).
GTP-binding protein (Boguski and McCormick 1993). In contrast to the effects of ARF inhibition, persistent
The observed loss of function is usually the site wheaetivation of ARF1 with GTPS or with the constitutive-
the activation of the GTP-binding protein is required. Ftyr active mutant, ARF1/Q71L, results in irreversible
ARF1, the dominant-negative T31N mutant not only preeating of membranes with COPI, massive non-specific
vents COPI binding to membranes but blocks all protdindding of Golgi membranes, resistance to the effects of
export out of the ER. It also results in Golgi membraiB#A, and a block in both anterograde and retrograde
redistribution into the ER since Golgi proteins are rimaffic (Melangon et al. 1987; Dascher and Balch1994;
longer actively retained in Golgi membranes and recydleal et al. 1994; Zhang et al. 1994). These observations
back to the ER (Dascher and Balch 1994; Peters etsalpport the previous proposal that ARF1 and COPI have
1995). These observations indicate, therefore, thlatole in maintaining the structure of the Golgi complex
ARF1/COPI is not necessary for retrograde transportasfd in regulating the extent of retrograde traffic (Klaus-
membrane proteins back to the ER. The data instead swag-et al. 1992; Lippincott-Schwartz 1993). Since then,
gest that ARF1/COPI association with membranes is imvidence for constitutive recycling of Golgi-localized
portant for sorting/retention of molecules within presroteins back to the ER using an assay based on the ca-
Golgi and Golgi structures. This activity could serve fmacity of the ER to retain misfolded proteins has sug-
limit the type and extent of retrograde traffic back to tlyested that retrograde transport to the ER may be an in-
ER, and in so doing allow secretory organelles to diffdrerent feature of Golgi resident proteins that does not re-
entiate and mature. quire specific retrieval signals (Cole et al. 1998). Other
Similar observations have been made in mammalianrk has shown that the vehicles for retrograde transport
and yeast cells treated with BFA (Lippincott-Schwartz ate not necessarily small vesicles and can be tubules. In
al. 1990; Graham et al. 1993; Rambourg et al. 199pgrticular, time-lapse images of green fluorescent pro-
which acts by inhibiting nucleotide exchange onto AREin-tagged KDEL receptor (KDELR), which constitu-
catalyzed by Golgi-associated GEFs (Donaldson et talely recycles between the ER and Golgi complex, re-
1992b; Helms and Rothman 1992). Evidence that BFAsaled KDELR-enriched tubules (not vesicles) moving
action within cells is via its inhibition of ARF1 activa-out of Golgi elements to the cell periphery along micro-
tion is supported by the finding that a BFA-resistantgbule tracks (see Fig. 6) (Sciaky et al. 1997).
factor isolated from mutant BFA-resistant CHO cells is Given the above results, the idea that ARF1/COPI ac-
an ARF-GEF (Melancon et al. 1997) and because BRAty is directed solely to the production of COPI-coated
inhibitable GEFs have now been cloned from both mawesicles for retrograde traffic is not very compelling. No-
malian cells and yeast (Morinaga et al. 1996; Peyrocheadtly, it is the inhibitors of ARF1 (i.e., expression of
al. 1996). Thus, BFA treatment provides a useful tool f6iB1N ARF and BFA treatment) that block COPI associa-
investigating the acute effects of ARF inactivation aritbn to membrane and enhance retrograde traffic. This
COPI dissociation from membranes. Within 30 s aftanplies that ARF/COPI activity is not required for Gol-



Fig. 6 Golgi tubulation and redistribution into the ER in cellSciaky et al. 1997). See Quicktime movie of this sequence at
treated with BFA. HelLa cells expressing the Golgi enzyme galdattp://dir.nichd.nih.gov/CBMB/pb4labob.htm. The source of the
tosyltransferase tagged with GFP (GalTase-GFP) were visualifieb-energy difference between ER and Golgi membranes that
after addition of BFA. Within 4 min4:00), small tubules emerg- leads to unidirectional transport into the ER when these mem-
ing from the Golgi began to proliferate. Over the next 3 min théyanes fuse upon BFA treatment is not known. One possibility is
grew to form a tubular network still attached to the Golgi bodthat the work required to ‘pump up’ Golgi-destined material in en-
When one or more of the tubules fused with the ER, all of the Getgy is supplied by the peripheral coat proteins (Sarl/COPII and
gi marker rapidly emptied into the ER in a period of about 14ARF1/COPI), which concentrate membrane proteins and cargo ex-
(beginning at 8:33)Bar 5 um. (Reprinted with permission of ported from the E™?
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drolysis of GTP-bound ARF, retrograde tubule carriers

; teins) to regions of the Golgi complex where, after hy-
KDELR GFP gy g coren y
. arise.
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